Abstract-This paper addresses the solution of load flow equations for a power system with series flexible ac transmission systems (FACTS) devices. A novel formulation of equations using dual state variables (current magnitude and angle) and dual control variables (series injected real power and series voltage in quadrature with current) for series devices is proposed. These specifications can be related to transmission line loading and device limits. Specifications like power flow through a series device can also be handled using this formulation. The load flow equations are solved using Newton-Raphson technique. A decoupled formulation is also proposed. Case studies are carried out on IEEE test systems with several types of specifications to validate the method.
I. INTRODUCTION
T HE advent of flexible ac transmission systems (FACTS) devices has given a system operator additional leverage to control a power system. While FACTS devices like static var compensator (SVC) and thyristor controlled series compensator (TCSC) are variable reactance devices based on thyristors, the new generation of devices like static synchronous compensator (STATCOM), static synchronous series compensator (SSSC), unified power flow controller (UPFC), and interline power flow controller (IPFC) are based on voltage source converter (VSC) topology [1] . STATCOM and SVC are shunt connected; SSSC, IPFC, and TCSC are series connected; and UPFC is a hybrid connected (i.e., have components connected both in series and shunt) FACTS device.
With the help of FACTS devices, it is possible to regulate real and reactive power flows in the network. In this context, there is a need to develop analytical tools in order to gauge the effectiveness of these devices. In particular, existing programs for load flow and stability studies need to be modified to incorporate these devices. For the incorporation of FACTS devices in load flow studies, the following issues are important.
1) Formulation of equations.
• choice of state variables (nodal voltages and angles in a conventional load flow); • choice of control/specified variables (shunt real and reactive power injections in a conventional load flow); These choices are dictated by the basic operating characteristics, control, and limits of the devices. The reader is referred to a paper by Arabi and Kundur [2] for an exhaustive description of capabilities and limits of various devices. 2) Methods of solution:
• Simultaneous or unified method: In this method, all equations are combined into one set of nonlinear algebraic equation. A Jacobian matrix is then constructed and Newton method is used to solve these equations. However, it may be inconvenient to implement, as the incorporation of a FACTS device requires significant modifications in existing load flow programs.
• Sequential or alternating method: In this method, the equations are separated into those corresponding to the FACTS device specifications and the rest of the power balance equations. The equations are solved separately and sequentially. This method allows for relatively minor modification of the existing software. The conventional load flow formulation is retained as a subpart of the main algorithm. Load flow formulation and solution methodology for series FACTS devices in the previous literature mainly pertains to variable series reactance. Noroozian and Anderson [3] use real power flow as a specified variable and the reactance of a TCSC as a state variable. Two coupled load flow and line flow equations are solved sequentially. First, one load flow solution is carried out by NR method by using the usual Jacobian matrix. The line power flow equation is then solved iteratively using the solution of the load flow equations to get updated values of series compensating reactance. These variables are used to carry out next load flow solution. The procedure is repeated till both solutions converge. In the method proposed by Fuerte-Esquivel and Acha [4] , for each controllable series reactance, one extra line flow mismatch equation is augmented to the original NR load flow equations along with one extra state variable. It is observed that this unified approach is more robust and convergence is obtained within half the number of iterations as that required by the sequential approach. Gotham and Heydt [5] consider an extra fictitious bus for which real power specification is given. However, the reactive power specification and voltage magnitude at that bus are not known and are obtained from another set of nonlinear equations which are solved separately. This paper presents a novel formulation of load flow equations for series devices like SSSC and TCSC, using dual state variables (current magnitude and angle) and dual control variables (injected series real power and series voltage in quadrature with the current). The main advantages of this formulation are as follows:
1) The following specifications which are useful in a loadflow study can be easily handled: a) current magnitude in a branch (which is related to thermal loading of a line and FACTS device rating); b) series voltage injection (related to limits of TCSC and control of SSSC); c) series reactive power injection. 2) Series power flow specification can also be handled by minor modification of the formulation. 3) While the main thrust is to solve loadflow equations with series reactive power devices like SSSC and TCSC, devices like UPFC and IPFC can also be accommodated in the formulation. The load flow equations are solved by the simultaneous method using the Newton-Raphson technique, which has a good convergence characteristics. The formulation is also amenable for decoupling. Case studies are presented for IEEE 14-and 162-bus systems to validate the method. Fig. 1 .
II. FORMULATION OF EQUATIONS FOR SERIES-CONNECTED DEVICES

List of Symbols
The real power and the voltage in quadrature with the line current injected by the series device are given by (1) Note:
, and are positive for inductive compensation. and are positive when real power is supplied by a device. At any bus , the net injected power is given by ( 2) The reactive current balance equation at the node can be written as follows:
In the above equations, a series FACTS device is considered to be a separate branch in the network. This branch is not accounted for in the bus admittance matrix. Now, for the application of Newton-Raphson method, the linearized real power and reactive power mismatch equations can be written as follows:
The elements of the various submatrices are defined as follows:
Another closely related formulation can be obtained as follows: (6) Note that the matrices and are symmetric if resistances are neglected.
III. LOAD FLOW SPECIFICATIONS
The equations in the previous section suggests the use of ( or , or ) and ( , ) as control and state variables, respectively, for series devices. The following specifications can be given as per the study to be carried out.
1) , This specification is suitable for devices like TCSC and SSSC, especially if magnitude of , reactive power or reactance required for ensuring a certain current flow in a line. The line flow specification is in terms of current magnitude. Note that the line current magnitude has a direct bearing on losses, line loading, and device limits. This specification can be considered as the dual of a ( , ) specification in a conventional load flow. For a variable series reactance device like TCSC, the value of the reactance can be obtained from the converged value of from the relation . 2) , The capability curves of TCSC have a maximum voltage limit on the capacitor [1] . Also in a SSSC, is controlled. As such, it is useful to specify as a control variable. The Jacobian of (5) is used for the load flow solution. This specification is the dual of a ( , ) specification. 3) , Since the MVAr rating is often used as a measure for sizing of devices, this specification is useful when comparing series devices ratings at different locations. The Jacobian of (6) is used for the load flow solution.
This specification is the dual of a ( , ) specification in a conventional load flow. For shunt devices, since bus voltages are usually near 1 p.u., the and specification is almost equivalent. Consequently, can be replaced by in (5). However, for series devices and can be quite different.
4) Change of Specifications
Violation of the limits results in the change of specifications for series devices. For example, given a current magnitude specification for a series FACTS device, if the limit of injected is violated, then the current specification is changed to a specification. This is similar to how a violation at a ( , ) bus is handled in a conventional load flow. If or series reactive power is specified, and the maximum current limit of the device or transmission line is violated, then the specification is changed to current magnitude.
Note:
for reactive power devices like TCSC and SSSC (without energy source). However, can be nonzero for SSSC with energy source, UPFC and IPFC.
IV. LOAD FLOW SOLUTION
For obtaining a load flow solution, the following formulations are considered.
A. Formulation 1
The formulation given in the previous section can be used to implement a N-R load flow. This requires augmentation of the Jacobian in a conventional load flow. The Jacobian in (5) or (6) is used depending on whether or specification is given. Since series devices are likely to be present on only a few lines, a majority of the terms in the Jacobian are similar to a conventional load flow Jacobian.
B. Formulation 2
In formulation 1, various submatrices of the Jacobian matrix (or ) are updated at each iteration. To reduce the computational burden, the larger submatrices of the Jacobian are made constant by making assumptions which are given as follows [6] Similar approximations can be applied to (6) . Since series compensation is expected to be present in only a few lines of the network, only a few elements of the simplified Jacobian need to be updated at each iteration.
C. Formulation 3
Series reactive compensation can have significant leverage over the real power flows in the line. The effect of line resistances, which cause series real power loss on the line, is con-sidered for computing . Motivated by these observations, the following modified decoupled formulation is proposed:
A similar decoupling can be applied to (6) .
D. Procedure for Application
The procedure to be followed to obtain a loadflow solution is summarized as follows. ( or ) limits are violated and change specifications as given in previous section (note that the number of unknown state variables and specified control variables change). Since the values of the state variables may be far away from the true solution during the initial iterations, the checking for limit violations may be done after a certain level of convergence is attained (i.e., maximum mismatch is less than ) or after a prespecified number of iterations. 11) If no limit is violated, then check convergence by comparing maximum mismatch with the tolerance . If convergence is attained then stop; otherwise, go to step 8. Note: For the decoupled formulation, the update of state variables ( , ) and ( , ) and subsequent calculation of mismatches is carried out immediately after the solution of (8) and (9), respectively.
E. Handling of Other Specifications and Limits
In addition to the specifications dealt with in the previous section, it may be necessary to consider other specifications or limits. These conditions and the proposed modifications in the procedure are given below. 1) Series power flow specification: In the previous literature [4] , [9] , power flow is specified for series reactive power devices, instead of current magnitude. This situation may be handled by treating the branch as a current magnitude specified branch and changing the current specification at every iteration as follows:
The superscript " " refers to the value of the variables at the iteration, while and refer to the buses across which the device is connected. 2) Series reactance specification: The capability curves of a single TCSC module is characterized by a) minimum capacitive reactance ("blocked mode"); b) minimum inductive reactance at full conduction ("bypass mode"); c) maximum reactance (due to firing angle limitation in order to prevent straying near the resonance region); d) and current limits. For a current or specified device, if the reactance exceeds the limits, then the TCSC is specified as a constant reactance. This situation is handled by reverting to a conventional loadflow with the reactance of the TCSC included in the bus admittance matrix.
3) Bus voltage limit:
The voltage at one of the buses across which a series device is connected may exceed its limit if series reactive power injection is large. If the device is a reactive power device , then the reactive power injected can be changed to prevent bus voltage limit violation. Consequently, the original specification cannot be honored. If a bus voltage limit is violated, then the device is treated as a or specified device and the specification is changed at every iteration as follows: (11) or (12) " " is the bus at which the limit is violated. and can be chosen as follows:
Iterations are continued till mismatches are less than the tolerance and the voltage is within the limit. If both buses exceed limits, then refers to the bus at which the limit violation is larger. Note: As an alternative to changing or , controllable injections at nearby buses can be changed to bring the voltage within limits. In general, there is no unique way to alleviate limit violation(s) unless certain objectives are defined.
V. CASE STUDIES
The formulations proposed in the previous section are tested on several systems. Case studies are presented for two IEEE test systems for various specifications. Data for these systems are obtained from [7] .
Note: is assumed to be zero in all the case studies presented in this section (i.e., only series reactive power devices are considered). The error tolerance is taken to be 0.001 p.u.
A. IEEE 14-Bus System
Load flow studies are carried out on this system (see Fig. 2 ) for various specifications as given below. 1) or specification. In this case, a SSSC is connected in line 2-3 at bus number 2. The desired line current is 1 p.u. No limits are set on the magnitude of . The convergence characteristics [i.e., the maximum error (mismatch) versus the number of iterations] are plotted in Fig. 3 . To increase The voltage magnitudes of the buses across which the SSSC is connected are 1.04 (bus 2) and 1.01 (bus 15). If the voltage magnitude at the latter bus is to be limited to a value of 1 p.u., then the (11) and (13) are used to change the specification. The reactive power settles to a value of 0.13 p.u. Note that the convergence performance (see Fig. 6 ) is degraded (it is slow near the true solution). If is multiplied by a factor of 2, then the convergence is improved and the number of iterations is reduced by approximately half for the same tolerance. 3) specification. Two SSSCs are considered here: the first SSSC is connected in line 2-4 at bus 2 which is assumed to inject . The second SSSC is connected in a line 2-3 and the desired current in the line 2-3 is 0.95 p.u. The requirement in this case exceeds the specified limit ( 0.1 p.u.). Consequently, this SSSC is changed to specified type with the specified voltage set to the limiting value. The current in line 2-3 is increased from 0.7 p.u. (when SSSC is absent) to 0.86 p.u. Since the other SSSC hits its voltage injection limit, the current magnitude is 0.86 p.u. (which is less than the desired current). Fig. 7 shows the convergence characteristics for this case.
B. IEEE 162-Bus System
1)
specification. For a power flow specification of 0.65 p.u. from bus 125 to bus 3, the convergence characteristic is shown in Fig. 9 . Note that the power flow without SSSC is 0.5 p.u. from bus 125 to 3. The required is 0.03 p.u. and the voltage of the buses across which the SSSC is connected are 1.00 p.u. (bus 3) and 0.99 p.u. (bus 163). Note that the simplified formulation (formulation 2) has a poor convergence rate in this case. 2) specification. Here, it is assumed that a SSSC is connected in the line 11-15 at bus 11 and 0.05-p.u. voltage is injected. The current magnitude increases from 0.72 to 0.92 p.u. Fig. 10 shows the convergence characteristics. The voltage magnitudes of the buses across which the SSSC is connected are 1.0 p.u. (bus 11) and 1.0 p.u. (bus 163). Another line 13-162 is considered with SSSC connected at bus 13 and injecting 0.07-p.u. voltage in series with the line. It is found that, voltage at bus 13 is 1.02 p.u. and at bus 163 is 1.03 p.u. If the voltage magnitude at the latter bus is to be limited to a value of 1.02 p.u., then the convergence characteristic is as shown in Fig. 11 .
settles to a value of 0.027 p.u. Note that the convergence is slower when limit violation is considered. If in (14) is multiplied by a factor of 2, then the number of iterations for the same tolerance decreases by almost half for all formulations.
A common conclusion for all the cases is that formulation 1 (Full Jacobian) has the best convergence characteristics. The power flow specification gives almost equivalent convergence as the current magnitude specification. For , limit violation change in specification does not result in significant change in convergence performance. When bus voltage limits are violated, the convergence rate is slow. However it can be improved by increasing the value of the constants or . The simplified and decoupled formulation give relatively slower convergence.
C. Effect of Initial Conditions on Convergence
Case studies are also carried out to check the effect of initial condition on the rate of convergence using formulation 1. A flat start is used for bus voltages and a tolerance of 0.001 p.u. is specified. The converged value of in all cases is 0.77 p.u. Table I shows that the method is robust for initial guess value of current magnitude, but less so for (angle of line current). The same behavior is observed for other systems and the other formulations. A thumb rule for the initial guess values of and are and zero, respectively, being the reactance in per unit of the line at which the series device is introduced.
VI. INCORPORATION OF SSSC WITH ENERGY SOURCE, UPFC AND IPFC
Devices like SSSC with energy source, UPFC and IPFC can allow for series injection of real power. Consequently, for these devices . 1) SSSC with energy source incorporation of SSSC with energy source is straightforward if real power injected is specified and does not require any change in the formulations.
2) UPFC. UPFC is a hybrid device with shunt and series connected elements (see Fig. 12 ). The series injected real power is drawn by the shunt branch (the device as a whole cannot supply or demand real power). The shunt and series branches of a UPFC can independently exchange reactive power with the system; however, the real power exchange at the series and shunt branches is TABLE III UPFC: P 0 V AND P 0 Q SPECIFICATIONS equal and opposite in sign so that the UPFC as a whole does not absorb or deliver real power. As such, a UPFC has three degrees of freedom. Note that the real power exchanged at the series branch flows via the dc link.
In the previous literature [5] , [9] - [11] , real and reactive power flow on the line in which it is connected is specified.
In [9] , one of the nodes across which a UPFC is connected is represented as a , , and the other node is represented as a , bus. The UPFC active power flow is accommodated in the specifications at both buses. This representation is simple and can be handled by a conventional loadflow.
If series injected real power and are specified, then a UPFC can be easily incorporated in the proposed formulation. The bus at which the shunt branch of the UPFC is connected can be specified as either a or a bus. The power injected in series with the line is drawn by the shunt branch and accommodated in the specification of the bus at which shunt branch is connected. This involves adding a value to the original specification (due to a generator or a load) at that bus.
Alternatively, the components of series voltage in phase (i.e., ) and quadrature (i.e., ) can be specified. A modified Jacobian has to be used to account for the changed control variable (15) Also, the shunt power specification has to be changed at every iteration since changes with . Note: Since the UPFC has 3 degrees of freedom, the choice of specifications under one or several limit violations is a complex problem which requires the use of an optimization procedure to maximize the benefits to a power system [8] . This aspect is beyond the scope of this paper.
Load flow results with UPFC are summarized in Table II , III, and IV for a tolerance specification of 0.001 p.u. The number of iterations for the formulation 2 is quite large and formulation 3 Table IV , the converged values of for the 14-bus and 162-bus systems are 0.003 and 0.008 p.u., respectively.
3) IPFC. The schematic diagram of a two-converter IPFC is as shown in Fig. 13 . The device injects voltage in series with two adjacent lines incident on the same node.
Since the device as a whole does not supply/absorb real power, the series injected real power in one branch is absorbed by the other branch. Reactive power/voltage can be specified independently for both converters. Table V shows the results of the method applied to 14-and 162-bus systems.
VII. CONCLUSIONS AND FUTURE WORK
In this paper, a novel dual formulation for load flow studies is proposed. It involves use of dual variables and specifications for series connected devices in much the same way as for a conventional load flow. The specifications can be related easily to device limits and transmission line loading. Equations are solved using N-R method. Simplification and decoupling of the Jacobian is also tried. From the case studies presented, the following conclusions are drawn. 1) Rate of convergence for N-R method is good for all types of specifications. 2) Convergence is robust to initial guess of device current magnitude.
3) The simplified Jacobian and decoupled formulation have a slower rate of convergence as compared to the full Jacobian formulation. 4) The decoupled formulation is less robust and fails to converge in some cases. 5) For series reactive power devices, power flow specification can be used instead of current magnitude specification and the convergence characteristics are similar. 6) For series reactive power devices, bus voltage limit can also be handled by making minor modifications. However, convergence rate is slow near the true solution. 7) Devices like UPFC and IPFC can be incorporated for certain specifications. The dual formulation presents possibilities for future work in other studies related to the load flow. In particular, one can analyze sensitivity and controllability of current flows to series reactive power injection in various lines of a network. Also, the effect of series reactive power injection on voltage stability can be analyzed using this formulation.
